In this paper, we revisit the acoustics education program using mobile devices to better understand urban environments. We begin with a summary of our past projects to demonstrate a model case of the concept. In these projects, the output was mainly supposed to be a noise map with measured sound pressure levels (SPLs) and sound spectra. This methodology can obviously be applied to larger-scale urban studies. Including measured sound spectra can be another advantage. Next, current problems in measurement accuracy due to recent device developments are explained and the required examinations are stated. Finally, the accuracy of the current versions of the applications as well as recently available devices are discussed. The results of this study provide information regarding the measurement accuracy of mobile devices, and some suggestions for their practical use are given, which are also useful for additional studies pertaining to the urban acoustic environment.
Introduction

Background
Introductory urban acoustics education to better understand the urban acoustic environment is part of the curriculum in various university departments related to environmental studies (e.g., architecture, building sciences, urban/regional planning, environmental sciences, etc.). In such educational programs, urban acoustics education is studied as a part of urban studies, and the soundscape-based method is often employed [1, 2] . For example, in departments related to architecture and civil engineering in Japan, 10% of acoustics classes include "soundscape" as a keyword in the syllabi [3] . Even if it is not mentioned clearly, it is common practice to use a similar method in "sound education" [2] in various classes related not only to acoustics but also to architectural/urban (regional) planning. It is mainly used for awakening students' interest in the sounds of the indoor and outdoor environments around them. An introductory teaching program of this type usually suggests that students make a simple "sound map" to record where and when they hear sounds, what the sounds are, and their impression of the sounds, or to list them in a table [1, 2, 4] . This is effective in many cases for students to learn and be aware of how a city environment sounds. It can increase students' interest in typical indoor and outdoor noise problems, which are often dealt with by novel ideas based on soundscape techniques [5] [6] [7] [8] [9] ; e.g., road traffic noise, neighboring noises in urban areas, and indoor acoustic environments of various built
Urban Acoustic Environmental Research Using Mobile Devices: State of the Art
The use of mobile devices, e.g., smartphones, tablets, etc., has been studied mainly for sound map studies. These mobile devices are small and handy, thus can be effectively used to make sound maps, etc. For example, Kanjo [20] developed an original application called Noise SPY for smartphones, which can turn a smartphone into a data logger to record instantaneous SPLs and corresponding positions (using GPS). The data can be used to produce a sound map quite efficiently. The application was calibrated with a precise measurement system by comparing the recorded levels. In the same paper, example data were collected with this application by participants moving on a bicycle, and a challenge is pointed out, e.g., there are some discrepancies in the measured data by the effect of the movement of the person on the bicycle taking measurements. However, in general, this study is one of the most inspiring works on the application of mobile devices for urban acoustic environment studies.
Another example, with a detailed preliminary accuracy test and discussion, is reported by D'Hondt et al. [21] . They used mobile phones to take SPL measurements for participatory noise mapping and stated the requirement for applying SPL measurement. They used a certain Nokia model with their in-house NoiseTube sensing system and checked the measurement accuracy in detail. Similar studies using smartphones for noise mapping have been reported (for example, see [22] [23] [24] [25] ). The accuracy of the results when using a mobile phone for large-scale participatory noise sensing was also studied by Aumond et al. [26] . Can et al. [27] reported that using mobile devices to collect noise data is better than using the interpolation method to produce noise maps, so the use of smartphones and tablets may be growing.
However, with the rapid development of mobile devices, continued observation of measurement accuracy is necessary. In the works mentioned above, original applications were used. However, in our previous work [11] [12] [13] , we used commercial applications. In this case, the measurement accuracy of the applications also needs to be continuously checked: The results of the accuracy tests of our previous work may no longer be applicable to verify currently available tools even for educational purposes in a quantitative sense. A simple pilot examination showed that the measured values by some devices show quite large discrepancies compared with those of class 1 sound level meters (SLMs). Therefore, we should revisit the accuracy of acoustics measurement by using current devices with new applications.
It should be noted that the requirement for measurement accuracy depends on the purpose. When quantitative evaluation is desirable, accuracy counts. However, in primary or secondary education, for example, relative values for comparison with perceptive differences can be useful. The present work is directed toward professional courses in higher education, thus it is supposed that measurement accuracy is highly desirable.
Outline of the Present Work
In this paper, we first give an outline of our past projects to illustrate a model case of the basic idea of the work in Section 2. In these projects, the output was basically supposed to be noise maps with measured SPLs and sound spectra, with subjective comments. This procedure could be applied to larger-scale urban acoustic environment studies. Including the measurement of sound spectra can be another advantage. Next, the present problems, due to recent developments in devices and applications, are explained and required examinations are given in Section 3. Finally, the accuracy of the current versions of the applications as well as several types of recently available devices are discussed in Section 4. Although this study is primarily aimed at acoustics education in schools at various levels, as the program supposes a simple sound map as the output to help students to understand urban as well as indoor and outdoor acoustic environments in various spaces (also as a part of urban studies), it will also be applicable to studies of urban soundscapes and similar studies on a larger scale using mobile devices. 
Summary of Previous Results from This Project
In this section, we summarize the main results of our previous studies on acoustics education using smartphones to introduce and provide the basic idea of the concept and output of this project. It will also be useful to understand the current problems, which are detailed in the next section. Note that the results of the accuracy testing presented in this section were obtained from iOS devices used in 2012-2016 and are not applicable to current models and are presented here for comparison. There are two types of mobile devices (i.e., smartphones, tablets, etc.): iOS devices (iPhones, iPads, etc.) and Android devices. In many cases the same application is available for both. Therefore, we examine the accuracy of acoustic measurements of both types.
When choosing applications, simple, easy-to-use, and easily purchasable applications for sound pressure levels (SPLs) and power spectrum measurement are needed. In selecting the applications, two points were considered: (1) Inexpensive, i.e., affordable for students; and (2) SPL measurement with calibration function. After some preliminary tests, SPL Meter (Studio Six Digital [28] , now available from Andrew Smith [29] ) for SPL measurement (A-and C-weighted), and bs-spectrum (Bismark) [30] for sound power spectrum measurement were selected for this project. Before using them in practice, an accuracy test is necessary. The results of accuracy testing of various applications and devices have been reported [31] ; however, only the accuracy of overall SPL with A and C weighting was tested in that study. In many cases, this is good, as they are typically used for measurement in urban acoustic problems. However, to clarify the characteristics of the applications and devices, detailed testing including the frequency response of their sensitivity is useful.
In order to examine the accuracy of these applications and devices, first measured SPL values by SPL Meter on iOS and Android devices was tested. The measured SPL values were compared with those measured by a class 1 SLM (Ono Sokki, LA-4350). The test was performed in an anechoic chamber. A broadband noise was emitted from a loudspeaker. Then, using the calibration function of SPL Meter, calibration was made so that it showed the same level as the class 1 SLM. After this calibration, 1/1 octave band noises (125-4 kHz) were measured by both the class 1 SLM and the smartphones (both with A-weighting). The details of the testing method are summarized in Appendix A. An example of the test results is shown in Figure 1 . Regarding the sound power spectrum measurement application, iOS devices with bs-spectrum only were examined. In an anechoic chamber, the same sound was measured by iOS devices with bsspectrum and reliable PC software for professional use. Then the measured results were compared. Figure 2 shows an example of the measured results. At low frequencies (lower than 100 Hz), discrepancies were observed, but in other frequency ranges the result by bs-spectrum on an iOS device was considered to be accurate, and it was concluded that it could be used for the present purpose. As for Android devices, several models from different manufacturers were tested, of which an example (Xperia SO-01C, Android OS 4.2) is shown in Figure 1b . The measurement values were widely scattered and showed somewhat large discrepancies with the class 1 SLM at many frequencies; a trend of higher values than the class 1 SLM was observed. In the testing, individual differences were observed between models. As shown in Figure 1b , nonlinearity was observed for many devices. Therefore, we had to conclude that Android devices would not be suitable for this project because they were not expected to obtain accurate results.
On the other hand, iOS devices (iPhones, iPads, iPod Touch, etc.) showed better agreement with the class 1 SLM. An example of the comparison results is shown in Figure 1a (iPhone 4, iOS 5.0). Although the iOS devices tend to give lower values at the 125 Hz band and for noises lower than 40 dB(A), the error is within a few decibels at other frequencies and levels. Therefore, SPL Meter on iOS devices can be reasonably accurate and was used for the present purpose. The discrepancies in the 125 Hz band observed in the results from iOS devices were inferred to be attributed to the properties of the preamplifier in the devices.
Regarding the sound power spectrum measurement application, iOS devices with bs-spectrum only were examined. In an anechoic chamber, the same sound was measured by iOS devices with bs-spectrum and reliable PC software for professional use. Then the measured results were compared. Figure 2 shows an example of the measured results. At low frequencies (lower than 100 Hz), discrepancies were observed, but in other frequency ranges the result by bs-spectrum on an iOS device was considered to be accurate, and it was concluded that it could be used for the present purpose. Regarding the sound power spectrum measurement application, iOS devices with bs-spectrum only were examined. In an anechoic chamber, the same sound was measured by iOS devices with bsspectrum and reliable PC software for professional use. Then the measured results were compared. Figure 2 shows an example of the measured results. At low frequencies (lower than 100 Hz), discrepancies were observed, but in other frequency ranges the result by bs-spectrum on an iOS device was considered to be accurate, and it was concluded that it could be used for the present purpose.
Also, considering the outdoor measurement, a windscreen was made with a block of plastic foam, and its effect was examined. From the results of the examination, it was confirmed that it hardly affected the measured level and was effective at avoiding the influence of wind if the wind speed was less than 6 m/s. Also, considering the outdoor measurement, a windscreen was made with a block of plastic foam, and its effect was examined. From the results of the examination, it was confirmed that it hardly affected the measured level and was effective at avoiding the influence of wind if the wind speed was less than 6 m/s.
Procedure and Examples of Students' Work
After the examination above, it was decided to use iOS devices (iPhone, iPod Touch, iPad Mini, etc.) only with SPL Meter and bs-spectrum, and, as a trial, students were asked to carry out some measurement exercises:
Step 1: Calibrate SPL Meter by comparing with class 1 SLM. (Requires supervision by instructor.)
Step 2: Choose field of measurement.
Step 3: Walk in the field, and when you hear a characteristic sound, make a measurement there.
Step 4: Record measured results and subjective impression of the acoustic environment in a note.
Step 5: Make a sound map after the survey by putting the results and comments on a map. There are two types sound map: One indicating only noise levels, and one indicating both noise levels and power spectra.
Related to the indoor acoustical environment, students performed an additional task: Discuss the sound insulation effect of a window by comparing A-and C-weighted SPL. The sound map with sound spectra is perhaps significant, as it can be used to observe the physical nature of a perceived sound directly. A typical example is presented in Figure 3 . In this work, measurements were made in a residential area. Measurement points were chosen to be places that were considered to be different sound environments with significant subjective features: It was expected that students could find various features of sound spectra. After the measurement, the students understood not only the differences of the sound environment among the points from the noise levels, but also subjective features of various sounds from the spectra. This experience can also inspire interest in various nonacoustical characteristics of residential areas, etc. As the student work was carried out within a limited time frame, the output sound maps were limited to a small area, but the method can be applied to larger urban areas.
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Basic Studies on the Use of Advanced Applications (2015-2016)
The preceding subsection summarized our basic studies and trial tests conducted during 2012-2014 [11, 12] . From the above results, an acoustics education with mobile devices was confirmed to be potentially effective, even though SPL and power spectra are measured. However, in order to have a more detailed discussion, more advanced measurement was considered to be useful. For example, Leq can be useful for evaluating fluctuating noise such as road traffic noise, railway noise, etc. For this purpose, the results of preliminary tests of Signal Scope Pro 7 (Faber Acoustics), an application that measures Leq, were introduced [32] . This is a sophisticated multifunctional acoustic measurement application that includes SLM (A-, C-, and Z-weightings and integration function for Leq), FFT analyzer (line spectrum, 1/1-, and 1/3-octave band levels) and an oscilloscope. We considered using this application as the second step of the project, though it is somewhat expensive. Before using it, the measurement accuracy of Leq(A) was tested by the same method as that employed to test SPL Meter in Section 2.1.1. An example of the comparison results is shown in Figure 4 . As long as the low-range mode was used in the application, the measured results were in good agreement with those by the class 1 SLM, therefore, it was confirmed that this application could be used for acoustics education.
An example of possible output from the teaching program using this application is shown in Figure 5 . It is similar to Figure 3 , but in this example Leq(A) is used instead of L(A) slow peak.
Using Leq instead of L(A) can help students measure the noise level when it fluctuates strongly. Of course, one should be careful to avoid an occasional sudden strong noise that does not characterize the acoustic environment of the measurement point. A disadvantage of this application is that it is much more expensive than SPL Meter. Recent free applications such as SLA Lite enable users to measure Leq, but the integration time is limited [33] . Its accuracy on various devices in measuring environmental noise (over all values) was compared with the class 1 SLM and analyzed statistically [34] , but a detailed analysis of details of the errors, such as frequency dependence, was not done. However, at least that study provides evidence of its accuracy in 2015. 
Recent Issues: Problems with Current Devices and Applications
With the rapid development of iOS devices (as well as operating systems) and applications, and emerging new applications, the results of the accuracy tests in previous studies are no longer applicable. For example, the low sensitivity to low-frequency sound was improved in new models of iOS devices. Also, after the microphone characteristics of iOS devices were publicized, some applications adjusted the sensitivity and removed the calibration function However, we saw that sound level measurement applications such as SPL Meter, which was used in the initial project, showed strongly biased values and could not be calibrated when used with iPad series. The bias is different depending on the model and type of iPad. Note that one version of SPL Meter is bundled in Audio Tools [28] , an application suite for various acoustic measurements, and can be calibrated through the general settings, but another version of SPL Meter does not have the calibration function. The accuracy problem will occur with the latter version. A simple pilot test measuring overall A-weighted SPL of a pink noise by SPL Meter without calibration in an iPad Air (March 2019) showed maximum discrepancy of 14 dB compared with the value measured by the class 1 SLM. The discrepancy became much smaller by calibration, but the maximum error was more than 1.1 dB. Also, a tendency of error fluctuation of measured sound depending on the SPL was observed, which suggests that there is some nonlinear behavior in the device itself, as SLA Lite, which had a much smaller error, showed similar nonlinear behavior. This nonlinear tendency was hardly observed in iPhone 8 and XS as long as the measured sound was larger than 40 dBA. Considering this tendency, using iPads for acoustics education seems to need careful attention if quantitative discussion is important. In order to clarify this tendency, a detailed examination of the measurement accuracy of these applications on iPad family devices is required.
As mentioned in the introduction, in the near future, tablets will be used much more for acoustics education as part of home economics in primary schools in Japan, and measurement accuracy tests of current devices and applications will be necessary.
Measurement Accuracy Tests of Current Devices and Applications
In this section, results of accuracy tests of current devices and applications are presented and discussed. In the accuracy tests, typical currently available devices were examined: iPhone8, iPad (2017 and 2018), iPad Pro (2016), and iPad Mini (2015, 2019). Well-known SPL measurement applications that are currently available were used: SPL Meter (Andrew Smith, separate version, not bundled with Audio Tools, without calibration function) and SLA Lite (Toon LLC, with calibration function). A standardized class 1 SLM (Rion, NL-62) was used for reference. In this test, other current devices were also tested, and similar results were obtained.
First, for calibration of SLA Lite, 1 kHz 1/1-octave band noise was emitted from a loudspeaker, for which the SPL was set to approximately 60 dB(A) at the measuring point in a semi-anechoic chamber. For this noise, at the measuring point, Leq(A) (10 sec) was measured by both the class 1 SLM and SLA Lite on mobile devices. Using the difference of measured values between the class 1 SLM and mobile devices, SLA Lite was calibrated (in all devices) by setting the trimming value in its calibration function.
The test was performed according to the following procedure:
(1) First, 1/1-octave band noises of the center frequencies from 125 to 4 kHz were emitted from the loudspeaker. The results for SPL Meter and SLA Lite on iPhone 8 are shown in Figure 6 . SLA Lite (Figure 6, left) shows reasonably good agreement with the class 1 SLM. In this test, the calibration value was −1 dB. In the case of low SPL around 30 dB(A), SLA Lite showed somewhat higher levels than the class 1 SLM, which can be attributed to the effect of internal noise in the mobile device. Except for this, most plots are on a 45 • line, therefore, SLA Lite can be considered to have reasonably good accuracy on iPhone 8.
Regarding SPL Meter (Figure 6 , right), although it could not be calibrated (as it is a version without calibration function), it showed reasonably good agreement with the class 1 SLM, with a slightly higher value of about 1 dB. If it could be calibrated with the same trimming value as SLA Lite, the accuracy would be improved, so SPL Meter bundled with Audio Tools that could be calibrated would have better accuracy. Also, discrepancies at lower sound levels around 30 dBA are observed.
Regarding SPL Meter (Figure 6, right) Comparing the two applications, it can be seen that the data scattering is smaller for SPL Meter. Although SLA Lite gives more accurate values, its data scattering is larger.
Next, the results for SPL Meter and SLA Lite on iPad Pro are shown in Figure 7 . Comparing the two applications, it can be seen that the data scattering is smaller for SPL Meter. Although SLA Lite gives more accurate values, its data scattering is larger.
Next, the results for SPL Meter and SLA Lite on iPad Pro are shown in Figure 7 .
Regarding SPL Meter (Figure 6, right) , although it could not be calibrated (as it is a version without calibration function), it showed reasonably good agreement with the class 1 SLM, with a slightly higher value of about 1 dB. If it could be calibrated with the same trimming value as SLA Lite, the accuracy would be improved, so SPL Meter bundled with Audio Tools that could be calibrated would have better accuracy. Also, discrepancies at lower sound levels around 30 dBA are observed. Comparing the two applications, it can be seen that the data scattering is smaller for SPL Meter. Although SLA Lite gives more accurate values, its data scattering is larger.
Next, the results for SPL Meter and SLA Lite on iPad Pro are shown in Figure 7 . Again, SLA Lite (Figure 7 , left) shows reasonably good agreement with the class 1 SLM. In this case, the calibration value was 6 dB. Quite similar tendencies to the iPhone 8 are observed: Discrepancies at low levels and larger data scattering. On the other hand, the values from SPL Meter (Figure 7, right) show quite large discrepancies with those from the class 1 SLM of more than 10 dB(A). The same problem at lower levels around 30 dB(A) is again observed. However, data scattering is smaller than SLA Lite. Therefore, if calibration were available, this could have better accuracy.
A similar tendency was observed for all iPad family devices, including iPad Mini. In summary, the following main points can be highlighted:
(1) SLA Lite shows good agreement with the class 1 SLM in both iPhone 8 and iPad Pro.
(2) SPL Meter, especially with iPad Pro, is less accurate, but if it could be calibrated, it could be somewhat better in some cases. Note that iPad Mini 2015 showed much better accuracy. Accuracy problems are observed in the newer iPad Mini (in this test, the 2019 version showed a similar problem). (3) SPL Meter without calibration function on iPad family devices shows quite large measurement error, while on the iPhone the error is smaller. For the iPad family, the accuracy strongly depends on the model. (4) In any case, these applications and mobile devices should be used carefully when precision is required. It is recommended to use their measured values for comparison, or in the form of relative values to compare.
Concluding Remarks
In this paper, in order to update the acoustics education program for learning urban acoustic environments using mobile devices and supposing sound maps as output, which the authors proposed [11] [12] [13] , first reviews of the main results of past studies were given as examples to outline and introduce the basic idea. Although the examples shown here are limited to small areas in cities, the method can be applied to larger-scale studies. Next, recent issues on the use of mobile devices for acoustical measurement were discussed, with the results of a preliminary study to check the accuracy. Finally, the results of a detailed examination of the accuracy of the measured results by iOS mobile devices were presented and discussed.
Considering the present results of accuracy tests of SPL measured by several mobile devices using two measurement applications, it was observed that the accuracy of measurement depends on the application used. Also, it can be dependent on the type of iOS device, i.e., iPhone or iPad. If the application has a calibration function and appropriate calibration can be made, both types can be used, at least to obtain relative values. Quantitative measurement may also be possible, but it is recommended to calibrate before taking measurements. In case calibration cannot be done beforehand, it is advisable to use relative values to compare the sound levels or adjust the results by calibrating after taking measurements. These remarks are based on tests of several models and thus are rather limited. In any case, it is better to know the behavior of the device before taking actual measurements.
These devices, as well as applications, are often updated and new versions appear frequently. Therefore, the authors plan to conduct more comprehensive tests to update the information about the measurement accuracy of other models in future studies.
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The authors had no funding for this project. measured by a reliable standardized SLM, can be used. In any case, calibration done at different sound levels to check the linearity of the device and application is recommended even when using mobile devices to obtain relative values. Table A1 . Suggested method of calibration (summarized from previous work [12] ).
Testing Method in This Work
Notes for Instructors Less Experienced in Acoustics
• An anechoic chamber was used.
•
Receiving point was in front of the loudspeaker at enough distance from it.
The height of the measurement position was 1.5 m.
The noise used was 1/1-octave (1 kHz). Initial calibration was done with C-weighting.
The difference between measured values by the class 1 SLM and SPL Meter for the trim value of SPL Meter was used.
• Use "dead" room. 
